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H
uman monoamine oxidase A (hMAO A) is an outer mitochondrial membrane-bound flavoenzyme that catalyzes the oxidation of the neurotransmitters serotonin, dopamine, and norepinephrine. Recent studies have demonstrated that a deficiency or low level of expression of this enzyme results in a phenotype of aggressive behavior (1, 2) . The elucidation of the 3D structures of human MAO B (hMAO B) (3, 4) (72% sequence identity with hMAO A) and of rat MAO A (rMAO A) (5) (92% sequence identity with hMAO A with no insertions or deletions) has provided insights into the structure and mechanism of these pharmacologically important enzymes. There are several functional properties of hMAO A that differentiate it from rMAO A, despite their high level of sequence identity. hMAO A has been shown to exhibit a 10-fold lower affinity (IC 50 ) than rMAO A for the specific irreversible inhibitor clorgyline (6) . Comparisons of the influence of a Phe-208 3 Ile mutation on MAO A from human (7) and rat (8) also show differential effects on activities and sensitivities to irreversible inhibition. Functional differences between hMAO A and rMAO A have been implicated in comparison with their respective sensitivities to phentermine inhibition (9) . These differences in properties between hMAO A and rMAO A suggest structural differences exist for these two enzymes.
With the development of a high-level expression system for hMAO A in our laboratory (10) and successes with the structural elucidation of hMAO B (3, 4) , a collaborative program was established to elucidate the structure of hMAO A by x-ray crystallography. Here, we report the structures of two hMAO A crystal forms and demonstrate structural differences between hMAO A and rMAO A as well as hMAO B. Our data indicate that the considerable literature on MAO A-inhibitor development by using rat models may require modification when applied to humans. This information should be an important resource in the testing and development of new hMAO A-specific inhibitors.
Experimental Section Protein Preparations. hMAO B and hMAO A were expressed and purified from Pichia pastoris as published in refs. 10 and 11. The hMAO B purification procedure originally described was modified by replacing the polymer fractionation steps with a single anion-exchange chromatographic step using Bio-Rad High Q resin. hMAO A and hMAO B preparations were homogeneous on denaturing gel electrophoresis and exhibited catalytic properties expected for fully functional enzymes.
Crystallography. Before crystallization experiments, recombinant hMAO A was incubated with a 10-fold molar excess of clorgyline. Crystallization experiments were carried out by the sittingdrop vapor diffusion method at 4°C. The protein solutions contained 5-10 mg͞ml inhibited hMAO A, 0.8% (wt͞vol) ␤-octyl glucoside, 1 mM DTT, and 50 mM potassium phosphate buffer (pH 7.0). The reservoir solution contained 5% (wt͞vol) polyethylene glycol 6000, 50 mM lithium sulfate, and 100 mM sodium citrate (pH 5.6). X-ray diffraction data were collected at 100 K at the Advanced Photon Source at Argonne National Laboratory (Argonne, IL) and the Swiss Light Source (Villigen, Switzerland). For data collection, crystals were transferred into a mother liquor solution containing 18% (wt͞vol) glycerol and flash-cooled in a stream of gaseous nitrogen at 100 K. Data processing and scaling (Table 1) were carried out by using MOSFLM (12) and programs of the CCP4 package (13) . Two crystal forms of hMAO A were obtained (X1 and X2). Crystal form X1 exhibited diffraction to 3.0-Å resolution, whereas crystal form X2 diffracted to 3.15 Å (Table 1) . Both forms belong to the C2 space group with two monomers in the asymmetric unit but exhibit different crystal packing and unit cell parameters. Structures were solved by molecular replacement using the coordinates of hMAO B (3, 4) . The initial electron density maps were then subject to multiple-crystal averaging (14) . This density modification procedure involved the averaging of the electron density of the four crystallographically independent subunits (both crystal forms contain two monomers in the asymmetric unit) and resulted in a dramatically improved electron density map, which was used to build the initial model. Refinements were performed with the programs REFMAC5 (15) and O (16) . The phases obtained from the inversion of the multiple-crystal averaged electron density map were incorporated as additional restraints in maximum-likelihood structure refinement. For both crystal forms, tight noncrystallographic symmetry restraints were applied (Fig. 1) . The deprenyl complex of hMAO B was crystallized and structurally analyzed following the protocols described in ref. 4 by using data measured at the European Synchrotron Radiation Facility (Grenoble, France). Refinement statistics are listed in Table 1 .
Figures were produced by MOLSCRIPT (17) , BOBSCRIPT (18) , and RASTER3D (19) . The 3D structures were analyzed with the programs VOIDOO (20) , PROCHECK (21) , O (16) , and CCP4 (13) .
Solution Oligomeric States of hMAO A and hMAO B.
Analytical ultracentrifugation experiments were conducted as described in ref. 22 . A Beckman model XLA instrument (Biozentrum, Basel) equipped with absorption optics was used. Solution densities were determined with an Anton Paar (Graz, Austria) density meter. The data were analyzed using the SEGAL program (Ariel Lustig, Biozentrum, Basel) and are presented in Table 2 . Clorgyline-inhibited hMAO A and pargyline-inhibited hMAO B were used in these experiments.
Results and Discussion hMAO A Monomer Structure. The crystallographic analysis of hMAO A is based on two crystal forms that grow under identical conditions. Structures derived from these two crystal forms have virtually identical conformations (rms deviation of 0.42 Å, 443 equivalent C ␣ atoms). In crystal form X1, the C-terminal residues are disordered after residue 464 (hMAO A contains 527 residues) most likely because of crystal-packing interactions. In contrast, in crystal form X2, the C-terminal residues are visible to residue 506 so that the first turns of the C-terminal membranebound helix are defined ( Fig. 2A) . Another difference between the two crystal forms is that residues 211-213 of the active site cavity-shaping loop ( Fig. 2) are defined in the electron density of X2 but are disordered in crystal form X1. Therefore, monomer A of the refined structure from X2 was used in model analysis and creation of the figures.
The overall structure of hMAO A (Fig. 2) is quite similar to that of hMAO B (rms deviation of 1.2 Å, 488 equivalent C ␣ atoms) and that of rMAO A (rms deviation of 1.2 Å, 488 equivalent C ␣ atoms). The only significant structural difference † Rsym ϭ ͚͉Ii Ϫ ͗I͉͚͘͞Ii, where Ii is the intensity of ith observation and ͗I͘ is the mean intensity of the reflection. ‡ Rcryst ϭ ͚͉Fobs Ϫ Fcalc͉͚͉͞Fobs͉ where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively. R cryst and Rfree were calculated by using the working and test set, respectively.
Fig. 1.
Stereoview of the final 2Fo Ϫ Fc electron density map for the clorgyline inhibitor covalently bound to the flavin in the X1 crystal form. The contour level is 1. The map was calculated with phases obtained by combining the phases obtained from inversion of the multiple-crystal 4-fold averaged electron density and the phases calculated from the refined model. Blue, nitrogens; black, carbons; red, oxygens; yellow, sulfurs.
observed is the conformation of the cavity-shaping loop 210-216 (Fig. 2 A) . These residues are important for the structure of the hMAO A active site and exhibit different conformations on comparison of the rat and human enzymes. Removal of these residues from the structural comparisons results in a reduced rms deviation, which decreases to 0.7 Å in the superpositions of hMAO A with both rMAO A and hMAO B. Therefore, this segment shows a clear difference in structure unique to hMAO A.
Differences in MAO Quaternary
Structures. Another unique structural feature of hMAO A is that it crystallizes as a monomer (Fig.  2 A) . This aspect of hMAO A is of interest because hMAO A has considerable sequence homologies to rMAO A and hMAO B, both of which crystallize as dimers with large surface contact area between monomers (Ϸ15% of total monomer surface area) (3, 5) . To further verify this apparent difference, we investigated the oligomeric properties in solutions of inhibited hMAO A and hMAO B by analytical ultracentrifugation. These experiments (Table 2) demonstrate that hMAO B exists as a monodisperse species of 130 kDa in aqueous detergent solutions. This species perfectly corresponds to the dimer observed in the hMAO B crystals. In contrast, hMAO A is polydisperse with monomeric species being the major component in Zwittergent 3-12 (a detergent giving poorly diffracting crystals) and a 330-kDa oligomer (Table 2) as the major species in ␤-octyl glucoside solution (the detergent providing the crystals reported in this paper).
Both crystallographic and solution hydrodynamic data from hMAO A provide remarkable agreement with the conclusions of Andrés et al. (23) . These authors found a selective Glu-151 3 Lys mutation that is unique to hMAO A among a wide variety of vertebrate MAOs (both A and B isozymes). Crystal structures of hMAO A show that Lys-151 is located remote from the active site on the protein surface (Fig. 2 A) . This surface location is proximal to a cluster of charged residues involved in monomermonomer contacts to form the dimer in hMAO B and rMAO A. No other significant alterations are observed in comparing those residues involved in the dimerization of rMAO A or hMAO B with the analogous residues in hMAO A. These structural data support the intriguing suggestion (23) that this hMAO A specific mutation destabilizes its dimeric state, resulting in the observed monomeric form.
Active Site Structure of hMAO A. The electron density and the derived model due to the flavocyanine structure of the flavinclorgyline adduct is shown in Fig. 1 . Adduct formation is between the flavin N5 position and the inhibitor as shown previously for the pargyline (3) and rasagiline (24) adducts of hMAO B and for the clorgyline adduct of rMAO A (5). The inhibitor binding site is formed by a single cavity that extends from the flavin ring to the cavity-shaping loop consisting of residues 210-216 (Fig. 3) . Residues lining the active site cavity of hMAO A as calculated by the program VOIDOO are tabulated. *Distance between equivalent of C ␣ atoms after superposition of the hMAO A structure and the complex of hMAO B with deprenyl.
The volume of this cavity is estimated to be Ϸ550 Å 3 and is lined by 11 aliphatic and 5 aromatic residues, which demonstrate that, as in hMAO B, this cavity is quite hydrophobic (Fig. 3 and Table 3 ).
Two cysteine residues (Cys-321 and Cys-323) are located near the entry of the catalytic site (Figs. 4 and 5A) . The side chain of Cys-323 is in van der Waals contact with the aromatic ring of the bound clorgyline. In crystal form X2, the thiol groups are in their reduced form (Fig. 4A) . In crystal form X1, the electron density indicates that, at least in part of the crystalline protein molecules, these two thiol groups might be oxidized to a disulfide bridge (Fig. 4B) . Mass spectrometry data (25) have conclusively shown the absence of any disulfide bridges in either hMAO A or hMAO B. Therefore, the apparent oxidation of these two thiol groups may be an artifactual consequence of the time period required (weeks) for crystal growth. Quite possibly, the oxidation of these thiol groups may be a determinant of which crystal form is produced. Shih's group (26) has systematically mutagenized each cysteine residue in hMAO A to a serine residue and found that such mutations in Cys-321 or Cys-323 do not influence the catalytic activity. On the other hand, MAO A activity is known to be quite sensitive to thiol oxidation and to thiol reagents (27) , and therefore the modification of these thiol groups may be the reason for this sensitivity. It is possible that the oxidation of these thiol groups to a disulfide could influence the catalytic activity of hMAO A, which might be a mechanism of redox control of its function in the oxidation of amine neurotransmitters. It remains for future work to determine whether this proposal is a viable mechanism for enzyme regulation.
Structural Comparisons of hMAO A with hMAO B. An ultimate benefit of the structural comparison of hMAO A with hMAO B is that it would provide the molecular foundation for the design of highly specific reversible inhibitors for each enzyme. Because clorgyline and deprenyl are biochemically the most widely used specific MAO inhibitors, we determined the structure of hMAO B after inhibition with deprenyl as a comparison with the structure of clorgylineinhibited hMAO A. Although the overall chain-folds of the two isozymes are quite similar (see Fig. 2B ), there are similarities and differences in their respective active sites (Fig. 5) . The structures of the covalent FAD coenzymes and the two tyrosines constituting the ''aromatic cage'' (28) in the active sites are identical. Because this region of the active sites is directly involved in substrate oxidation, this close similarity is consistent with the notion that both enzymes follow the same catalytic mechanisms (29) . Instead, major differences exist in the area of the active sites opposite to the flavin that govern substrate recognition (Fig. 5) . As listed in Table 3 , of the 20 residues constituting the active site, 7 residues are changed in identity. In addition to the amino acid replacements, there is a major alteration in conformation of loop 210-216, which results in C ␣ movements up to 6 Å because of a more extended loop conformation in hMAO A (Figs. 2 A and 5B) . Therefore, the shapes and sizes of the active site cavities differ as a result of a combination both of amino acid replacements and conformational alterations. hMAO A has a single substrate cavity of Ϸ550 Å 3 (Fig. 5A) , which is shorter in length and wider than the longer and narrower cavity in hMAO B (Fig. 5 B and C) , which has a size of Ϸ700 Å 3 . Substrate entry into hMAO B involves entrance, and substrate cavities that become fused when certain inhibitors (including deprenyl; Fig. 5C ) are bound (4) . Our structural data show that the active site cavity of hMAO A does not have such a dipartite nature.
These structures (Fig. 5 ) demonstrate the molecular basis for the specificity of clorgyline for hMAO A and deprenyl for hMAO B. The critical amino acid replacements in the active site of hMAO A are residues Phe-208 (Ile-199 in hMAO B) and Ile-335 (Tyr-326 in hMAO B). The binding of deprenyl would have to displace Phe-208 in hMAO A, whereas bound clorgyline would collide with Tyr-326 in hMAO B. A conclusion from these structural comparisons of human MAO A and MAO B is that conversion of one form into another is a more complex process that would require more than single or double site mutations to accomplish.
Differences in Active Site Structures Between hMAO A and rMAO A.
Although the rat and human enzymes exhibit 92% sequence identity, there are differences in their active site structures. The conformation of the cavity-shaping loop 210-216 in rMAO A is unlike that found in hMAO A, but it is the same as the homologous loop in hMAO B. This difference results in a smaller volume of the active site cavity in rMAO A (450 Å 3 ) than in hMAO A (Ϸ550 Å 3 ). The conformational change in the loop brings Glu-216 into direct contact with the bound clorgyline in hMAO A, and Gln-215 projects out of the active site. In rMAO A, Glu-216 points out of the active site, and Gln-215 interacts with the inhibitor (Fig. 6) . The reshaping of the active site cavity forces the bound clorgyline to bind in an extended conformation in rMAO A as compared with a more folded conformation in hMAO A (Fig. 6) .
Conclusions
In summary, the amino acid sequences in the active sites of hMAO A and rMAO A are identical but, paradoxically, the structure of the rMAO A cavity-shaping loop is identical with that of hMAO B. This observation raises the possibility that the conformation of this loop is governed by dimer formation because both rMAO A and hMAO B are dimers, unlike the monomeric hMAO A (see Table 2 ). This structural hypothesis would be a long-range effect because the dimer interface is on the opposite face of the protein from the active site entrance. Such hypothetical long-range effects through coupled network of residues are not unprecedented and have been beautifully documented in the case of dihydrofolate reductase and other enzymes (30) . Therefore, the oligomeric state of MAO could influence the substrate and inhibitor specificities of these enzymes. In support of this notion, the functional properties of rMAO A and hMAO A are not identical and differ in their respective sensitivities to clorgyline and to active site mutations. It has been shown that the hMAO A gene is under positive selection (23, 31) . The data in this paper suggest the positive selection for fine-tuning the catalytic properties of hMAO A has resulted from a change in oligomer state by mutation(s) that favor a monomeric vs. dimeric state. These considerations further support the conclusion (shown while comparing human with bovine MAO B) (32) that the results from investigation of one mammalian form of MAO cannot be unambiguously extrapolated to other mammalian forms.
